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Abstract 
This research is concerned primary with pressure distributions and oil flow on the plate to figure out the flow structures for the rectangular 
nozzles by comparing three-dimensional calculations to the experiments.  Flow visualizations were performed using the oil-flow method 
and schlieren method in our experiments. Underexpanded impinging jet issued from rectangular nozzle of three aspect ratio (1, 3 and 5) 
were investigated.  The flow field was calculated by solving three dimensional compressible Navie-Stokes equations.  According to the 
flow visualization on the plate using oil flow method, it is confirmed that the flow is separated on the impinging plate from center point 
toward outside at only aspect ratio 1.  These experimental results tell us that the flow on the plate avoids the four high pressure areas near 
the center point only for aspect ratio 1.  The corresponding calculations were fairly good agreement with the experimental ones. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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Nomenclature 
D characteristic length (mm) 
L nozzle to plate distance (mm) 
P  pressure (Pa) 
T temperature (k) 
Subscripts 
o  stagnation condition 
c center of the impinging plate 
b ambient (back) condition 
w wall condition 
1. Introduction 
When an impinging jet issuing from a nozzle and impinges on a surface, the surface is cooled or heated by thermal 
convection. A means of experimentally investigating the convective heat transfer coefficients, two dimensional temperature 
field and wall static pressure distributions on the impinging flat plate surface was investigated. Underexpanded impinging 
jets have been attracting the interest of many researchers not only because they have potentially engineering applications 
such as surface cooling devices, a plasma spray coating also because they are not fully understood yet.  According to the 
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previous reports, even the single underexpanded impinging jet still has difficulties such as complex three dimensional flow 
structures which must be clarified to achieve the high performance of these devices.  However, besides the investigation of 
these complexities, applications of these jets to engineering fields must be considered utilizing the flow characteristics of the 
underexpanded jets. One of the methods to achieve the goal is to have rectangular nozzle exit.  So the jet impinges normally 
on to a heated surface, the measurement and representation of the heat transfer is not so simple.  Rectangular nozzle has 
complex structure compare with circular exit.  Minoru Yaga [1] has compared numerical and experimental results of two 
dimensional pressure and temperature distributions and found the results fairly good.  Most of the reports of rectangular 
nozzles have tried to focus on the jet screech or an oscillating phenomenon and also flow structure like barrel shock waves, 
a core boundary, mixing regions, oblique shocks, Mack shock disk etc.  However, this kind of flow is also important for 
rectangular nozzle because of sharp corner which has vortices effect. This research is concerned mainly with pressure 
distributions on the plate to figure out the flow structures for the rectangular nozzles by comparing three-dimensional 
calculations to the experiments.  In this study, authors has focused two dimensional pressure distribution effects on the flat 
plate and compared with the oil flow pattern which has more clear information about the flow field of the impinging jet.   
2. Experimental apparatus 
All tests were carried out in intermittent blow down open jet facility.  High pressure dry air at 0.7MPa and ambient 
temperature were discharged into atmosphere through the converging rectangular nozzles.  The pressure in the settling 
chamber was continuously monitored using a semi-conductor pressure sensor and digitized by a computer to send a trigger 
to a light source for the schlieren visualization system.  The two dimensional static pressure distributions on the plate were 
measured by utilizing traversing device.  The two dimensional temperature fields were captured by an infrared radio-meter 
with a two dimensional array of InSb sensors (TVS-8200,AVio).  The flow visualization was conducted by schlieren 
method with a light source as a Xenon strobe flash tube.  A high resolution digital camera is used for taking the oil flow 
image where flax seed oil and titanium oxide are used as a solution. The detailed geometries and the definitions of the test 
section are illustrated in Fig.1 
Three different dimension of rectangular nozzle are used in this experiment which has shown in fig.2(a).  The dimensions 
are (7.5x7.5) mm, (15x5) mm, and (18x 3.6) mm for aspect ratio 1, 3 and 5 respectively.  The characteristic length D is 
defined by:  
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where a and b are the width and height respectively.  D is referred to as a hydraulic diameter. The main parameters of this 
experiment are the pressure ratio p0/pb and L/D, where the ratio of the distance L to the hydraulic diameter D.  L is 
represented the distance between the nozzle exit and the impinging plate.  The test was performed with the ratio L/D = 2, 3
and 4. 
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3. Numerical procedure 
In this study, numerical calculations were also conducted.  Three dimensional compressible Navie-Stokes equations are 
solved using the computational fluid dynamics solver CFD 2000 5.5i SP.  The number of the grid points depends on the 
calculation conditions, for example, 80 x 80 x 40 for aspect ratio 1.  The vertical and horizontal boundaries were considered 
as outgoing flow conditions.  The pressure was fixed at the atmospheric pressure.  The uniform choke condition was applied 
to the nozzle exit.  Non slip conditions were applied to the impinging plate. 
 
4. Results and discussion 
4.1. Pressure variation at the stagnation point 
Figure 3 shows the variation in the stagnation pressure at the center point of the impinging plate with L/D=2 for aspect 
ratio 1, 3 and 5.  The pressure is normalized by the back pressure condition.  It is found that the stagnation pressure at the 
center position does not increase monotonically with the pressure ratio and that the variations in the stagnation pressure are 
affected considerably by the nozzle type, that is, the aspect ratio.  Among the variations in the stagnation pressure, the 
largest one was achieved by the aspect ratio of 5 at the p0/pb=3.8.  Each stagnation pressure increases in the range of 
pressure ratio from 1.0 to 3.5 and it reaches maximum for each aspect ratio 1 and 3 at p0/pb=3.5.  After that the pressure 
drops rapidly larger than p0/pb= 3.5 and then increases gradually only for aspect ratio 1.  Figure 3 also shows that the sudden 
decrease in the pressure at p0/pb=3.5, where as the other two causes reveal no sudden change as that for aspect ratio 1.    
Fig.2. (a) Nozzle geometry 
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Fig.3. Variations of pressure at stagnation point with pressure ratio for L/D=2.0 
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4.2. Oil flow pattern 
In order to confirm the flow direction and the phenomenon on the plate, the visualization using the oil flow method was 
performed.  Figures 4 show the cases for the aspect ratio 1 and L/D =2.0 at the pressure ratio p0/pb = 3.0, 3.5 and 4.0, which 
cover the range of the pressure ratio with the great change in the stagnation pressure as shown in Fig.3.    Figure 4 (a) shows 
the circular dark region around x/D = ±1.0 meaning that the strong shear flow exists around this region.  In Fig.4 (b), three 
white spots accumulating oil solution on the circular dark region can be seen.  In this pressure ratio of p0/pb = 3.5, the 
stagnation pressure is sharply decreased at the center point which suggests that the flow mechanism is changed and might be 
separated around on the circular dark regions.  For the pressure ratio p0/pb= 3.0 and 3.5 in Fig.4 (a) and 4(b), the flow stream 
line from the center point to outward in a radial pattern can be seen.  However, from Fig.4 (c), the oil solution is 
accumulated at the center point, which suggests the flow direction is changed near the center point and a separation bubble 
is generated around it.  Therefore, the stagnation pressure is sharply decreased at the center point over the p0/pb = 3.5. 
 
4.3. Flow pattern of aspect ratio 1 
Figures 5 and 6 show the experimental results of the oil flow images, the pressure contour, pressure distribution and 
calculated pressure contour at the pressure ratio p0/pb = 4.0 and 5.0 for L/D =2.0.  Figures 5 tell us that the calculation agrees 
well with experiment concerning the wall pressure distributions.  Oil flow image shown in Fig.5 (a) illustrates the separation 
bubble near the center point and that the dark polygonal shape region along x/D = ±1.2 was similar to calculated contour 
shown in Fig.5 (c).  In Fig.5 (a), four or three dark lines from center point to outward diagonally can be seen.  It is found 
that the flow on the plate avoids the high pressure areas near center plate.  Both pressure contours Figs.5 (b) and 5 (c) 
indicate that the pressure peak on the impinging plate occurred around y/D = 0.8 and the stagnation pressure (at x/D and 
Fig.4. Oil flow images for aspect ratio 1 and L/D=2.0 
(a) p0/pb = 3.0 (b) p0/pb = 3.5 (c) p0/pb = 4.0 
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Fig.5. Aspect ratio 1 with p0/pb = 4.0 for L/D=2.0 
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(a) Oil flow images (c) Calculated contour (b) Pressure contour 
Fig.6. Aspect ratio 1 with p0/pb = 5.0 for L/D=2.0 
(d) Pressure distribution along 
x/D = 0 
y/D = 0) does not recover up to the total pressure p0/pb = 4.0, which is due to the generating separation bubble.  Figure 5 (c) 
also indicates that the comparisons between experiment and the calculation show fairly good agreements.  These pressure 
drops are also confirmed in Fig. 3. 
In case of p0/pb = 5.0 as shown in Figs.6, these figures also show the calculation agrees with the experiment.  Especially, 
in oil flow image shown in Fig.6 (a), the dark polygonal region around 22 yx /D = ±1.5 was considerably similar to 
calculated pressure contour as shown in Fig.6 (c).  Moreover Fig.6 (a) indicates that separation bubble near the center point 
extends region of accumulating oil solutions compared with previous Fig.5 (a).  According to the experimental pressure 
contour Fig.6 (b), region around y/D and x/D = ±0.8, sharp pressure peaks can not be seen.  However, the calculated contour 
shows that the clear several peaks at y/D and x/D = ±1.0. 
 
4.4. Vector fields and schlieren images 
Calculations provide us with detail flow structures that cannot be obtained by experiments.  One of the useful data from 
the calculations is vector fields.  In order to figure out more detail of the flow structures, comparison calculated density 
contours, vector fields and visualization using the schlieren method were performed and shown in Fig.7 (a) and (b) for 
aspect ratio of 1, L/D=2.0, p0/pb = 4.0 and 5.0, respectively.  These schlieren images illustrate the flow boundary, oblique 
shock wave and mach disk.  Schlieren image for p0/pb = 5.0 shown in figure7 (b), flow boundary was extends compared 
with Fig.7 (b).  Both cross view show the flow on the plate was separated at y/D = ±0.6 and the recirculation flow near the 
Fig.7. Schlieren images, density contours and flow vectors with aspect ratio1 
(a) p0/pb = 4.0 (b) p0/pb = 5.0 
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plate can be seen.  It suggests that the accumulating oil solution at center point on the plate shown in previous Fig.6 (a) was 
caused by this recirculation flow. 
5. Conclusion 
The underexpanded impinging jets are experimentally and numerically investigated with the rectangular nozzles.  The 
results are summarized as follows: 
 
1) The stagnation wall pressure drop rapidly at larger than p0/pb= 3.5 and then increases gradually only for aspect ratio 1.  
It caused by separation bubble near the center point on the plate.   
2) In case of the aspect ratio 1 and L/D=2.0, flow direction on the impinging plate was separated at y/D = ±0.6 and the 
recirculation flow near the plate can be seen for calculated vector field.  
3) In case of p0/pb = 5.0, oil flow image illustrates the dark polygonal region around 22 yx /D = ±1.5 which 
correspond to the low pressure area of the calculated pressure contour. 
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